Abstract RELATED TO AP2.12 (RAP2.12) is one of the Ethylene Response Factors (ERF) transcription factor and plays a key role in controlling plant root bending and responding to multiple abiotic stresses including hypoxia stress. In this study, FmRAP2.12 gene was isolated and characterized from Fraxinus mandshurica Rupr. The open reading frame (ORF) of FmRAP2.12 was 1170 bp and encoded a protein of 389 amino acids. The conserved domains, three-dimensional phylogenetic relationship of FmRAP2.12 was also investigated. Quantitative real-time (qRT-PCR) analyzed the expression of FmRAP2.12 in different tissues. The expression level of FmRAP2.12 was highest in roots followed by leaves, and lowest in male flowers. Abiotic stress and hormone signal-induced expression was established using qRT-PCR. Salt stress induced FmRAP2.12 to a double peak pattern: the first peak value was at 6 h and the second at 72 h. Drought stress also induced FmRAP2.12 to a double peak pattern: the first at 6 h and the second at 48 h. FmRAP2.12 was up-regulated after initiation of gibberellic acid (GA3) treatment, with a one peak pattern at 24 h. FmRAP2.12 may not respond to cold stress and Abscisic acid (ABA) treatment. The transient overexpression of FmRAP2.12 caused the up-expression of downstream key genes of abiotic stress response and gibberellin pathway. Our research reveals the molecular characteristic and expression patterns under abiotic stress and hormone condition of FmRAP2.12, providing support for the genetic improvement of F. mandshurica at a molecular level.
Introduction
During their life cycle, plants face various abiotic stresses like drought, floods, cold, high salinity. Exposure under these stresses will lead to osmotic stress, the accumulation of reactive oxygen species (ROS), ionic imbalances, and further interrupt vital life processes and growth and development (Munns 2002; Darwish et al. 2009; Patterson et al. 2009; Park et al. 2011; Yao et al. 2016) . However, plants have evolved many regulatory strategies to reduce abiotic stress and adapt to adverse environmental conditions (Hirayama and Shinozaki 2010; Golldack et al. 2014) . Among these strategies, transcription factors (TFs) such as AP2/ERF, bZIP, MYB, MYC, NAC, WRKY and zincfinger families act as mediators by regulating the expression of many downstream stress responsive genes and playing important roles in stress tolerance (Park et al. 2011; Wang et al. 2016a; Yao et al. 2016; Kumar et al. 2017) .
Ethylene Response Factor VII group (ERF-VII), one of the subfamilies of AP2/ERF transcription factors, participate in growth and development processes and in stress response mechanisms in plants (Nakano et al. 2006; Park et al. 2011; Yao et al. 2016) . ERF-VII proteins contain a conserved APETALA2 (AP2) domain necessary for protein-DNA interactions (Papdi et al. 2015) . A highly conserved motif MCGGAI/V (N-degron) at the N-terminal allows the ERF-VII proteins to regulate protein turnover and initiate a protein degradation pathway through an oxygen sensing mechanism (Licausi et al. 2011; Gibbs et al. 2014; Papdi et al. 2015; ) . In Arabidopsis thaliana, the ERF-VII subfamily contains five members, RELATED TO AP2.12 (RAP2.12), RAP2.2, RAP2.3, Hypoxia Responsive ERF1 (HRE1) and HRE2 (Papdi et al. 2015) . Research on ERF-VII proteins mainly focused on their function in oxygen sensing mechanisms and acted as activators of hypoxia-induced genes to regulate oxygen deprivation (Licausi et al. 2011; Gibbs et al. 2014; Papdi et al. 2015; van Dongen and Licausi 2015) . In HRE1 over-expressed transgenic Arabidopsis, the tolerance to hypoxia improved, whereas in hre1hre2, a double-knockout mutant was more sensitive in hypoxia treatment than wild plants (Licausi et al. 2011) . ERF-VII regulated plant cysteine oxidase enzymes (PCOs) use molecular oxygen to produce cysteine sulfinic acid (Giuntoli et al. 2017; White et al. 2017 ). With oxygen deficiency or hypoxia, RAP2.12 moves from the plasma membrane into the nucleus to activate the expression of anaerobic genes such as ethanol fermentation genes, pyruvate decarboxylase 1 (PDC1) and alcohol dehydrogenase 1 (ADH1), and carbohydrate degradation genes, sucrose synthase 1 (SUS1) sucrose synthase 4 (SUS4) (Licausi et al. 2011) . In Arabidopsis, RAP2.2 plays an important role in reducing hypoxia stress. The overexpression of RAP2.2 improves survival of plants under oxygen deficiency, whereas in the RAP2.12 T-DNA gene knockout lines, survival rates are lower than wild type plants (Hinz et al. 2010) . The ERF-VII subfamily family of proteins not only participate in regulation under hypoxia stress, but are also involved in other stress and hormone responses. In rice, submergence 1 (SUB1A), an ERF-VII subfamily member, increased the expression of genes associated with acclimation to dehydration and enhanced recovery from drought at the vegetative stage (Fukao et al. 2011) . Overexpression of SUB1A also enhanced Abscisic acid (ABA) responsiveness and increased the accumulation of ROS scavenging enzymes, resulting in activating the expression of stress inducible genes and enhancing tolerance to oxidative stress (Fukao et al. 2011) . In Arabidopsis, AtERF71/HRE2 responded to abiotic stress such as salt and osmotic stress (Park et al. 2011) . Under oxygen deficiency, primary root curvature was controlled by ERFVII activity by mediating auxin signaling in the root tip. The bending of Arabidopsis root was inhibited by RAP2.12, whereas in rap2.12-1 seedlings, the primary root curvature was exaggerated. Overexpression of RAP2.12 will reduce the abundance of the auxin efflux carrier, pin formed 2 (PIN2) protein. Overexpression of HRE2 will inhibit root bending (Eysholdt-Derzso and Sauter 2017).
Fraxinus mandshurica grows in cool-temperate forest ecosystems and is wildly distributed in northeastern China, Korea, Japan, and eastern Russia (Kong et al. 2012; Drenkhan et al. 2014) . The Manchurian ash, F. mandshurica, has excellent cold tolerance, produces a hard wood with high value and has good horticultural qualities (Looney et al. 2016; Villari et al. 2016) . Previous research on Fraxinus spp. focused on disease and pest control (Showalter et al. 2018) , seed germination (Zhang et al. 2015) , nutritional development (Wang et al. 2018; Zhou et al. 2018) , reproductive morphological differences (Zhu et al. 2016) , and ecology and evolution (Li et al. 2017) . With regards stress tolerance, He et al. (2016) reported that changes in the circadian clock or 24-hour rhythm affects the drought tolerance of F. mandshurica with DNA methylation variation involved in the drought response (Zeng et al. 2015) . However, research around the molecular mechanisms of stress tolerance is lacking. In this study, FmRAP2.12, an ERF-VII group transcription factor, was isolated and the three-dimensional phylogenetic relationship of FmRAP2.12 was characterized. The expression profiles of FmRAP2.12 in different tissues under abiotic stress and hormone signals, and the expression of downstream genes were analyzed using qRT-RCR. This research should provide valuable information of FmRAP2.12 genes in the response to abiotic stress and hormones for tree breeding at the molecular level.
Materials and methods

Plant material and growth conditions
Fraxinus mandshurica seeds were surface sterilized and germinated at 25°C (16-h light/8-h dark). The cultured F. mandshurica thirty-day-old seedlings was used for tissuespecific expression analysis, including the main roots, stems, leaves, and buds. Male and female flowers were collected from the Northeast Forestry Experimental Forest Farm in March. Gene cloning and expression analysis were carried out in the Department of Forest Bioengineering of the Northeast Forestry University.
Cloning and identification of the FmRAP2.12 gene The MiniBEST Plant RNA Extraction Kit (Takara Bio, Inc., Japan) was used for total RNA extraction. The cDNA synthesized was created using the PrimeScript First Strand cDNA Synthesis Kit (Takara Bio, Inc., Japan). The putative FmRAP2.12 unigenes were identified using consensus sequences of RAP2.12 (AT1G53910) and AP2 domains of Arabidopsis for a basic, local alignment search tool (BLAST) of the F. mandshurica TSA database. FmRAP2.12 was analyzed and assembled for similarity with the DNA-MAN software package. The full-length cDNA of FmRAP2.12 was obtained by polymerase chain reaction (PCR) using the primers FmRAP2.12-F (5 0 -ACAG CAAAAGGAAATTATCAG-3') and FmRAP2.12-R (5 0 -TCAACAATGCACATGAAGGCT-3 0 ). The FmRAP2.12 gene sequence has been submitted to GenBank with the accession number MH061003.
Sequence features and phylogenetic analysis of FmRAP2.12
The NCBI database BLAST method (https://blast.ncbi.nlm. nih.gov/Blast.cgi) searched for homologous sequences of the full-length cDNA sequence of FmRAP2.12. The physical and chemical properties of the amino acid sequence was analyzed by Protparam (http://web.expasy.org/protparam) (Gasteiger et al. 2005) . The online tool TMPred was used for the prediction of transmembrane regions and orientation (https://embnet.vital-it.ch/software/TMPRED_form.html) (Hofmann 1993) . The secondary structure of FmRAP2.12 was predicted by NPSA GOR4 (https://npsa-prabi.ibcp.fr/ cgi-bin/npsa_automat.pl?page=npsa_gor4.html) (Sen et al. 2005) . Multiple sequence alignment was carried out using CLC Genomics Workbench. The conserved domains of FmRAP2.12 were analyzed by the NCBI Conserved Domain Database (http://www.ncbi.nlm.nih.gov/Structure/ cdd/cdd.shtml). The phylogenetic tree was constructed by MEGA 5.0 with the Neighbor-Joining method and 1000 replicates of bootstrap analysis.
FmRAP2.12 protein three-dimensional structure modeling FmRAP2.12 protein structure was not available in the protein structure databases, therefore protein sequences of FmRAP2.12 were submitted to the I-TASSER server (http://zhanglab.ccmb.med.umich.edu/ITASSER/) (Wang et al. 2016b (Wang et al. , 2017 . This tool produced a protein model based on homology modeling and threading. For homology modeling of FmRAP2.12, the PDB templates used were PDB: 2nbiA (identity 86.1%, coverage 93.9%). ModRefiner online software was further used to refine the FmRAP2.12 protein model (http://zhanglab.ccmb.med. umich.edu/ModRefiner/) (Xu and Zhang 2011) .
Abiotic stresses and hormones signal treatments
Thirty-day F. mandshurica seedlings were subjected to different abiotic stresses and hormone signaling treatments. Seedlings were transferred into liquid Murashige and Skoog (MS) medium at 4°C as a cold treatment. For salt and drought stress treatments, seedlings were transferred into liquid MS medium containing 200 mmÁL -1 NaCl and 20% w/v PEG6000, respectively. For hormone treatment, seedlings were transferred into liquid MS medium containing 100 lmol/L ABA (abscisic acid) and 100 lmol/L GA3 (gibberellic acid). Whole seedlings were collected at 0, 6, 12, 24, 48 and 72 h, immediately frozen in liquid nitrogen and stored at -80°C until RNA extraction.
Transient overexpression of FmRAP2.12 gene
The full-length cDNA of FmRAP2.12 was driven by CaMV35 s promoter and cloned into pA7-GFP expression vector as overexpression of FmRAP2.12 (OxFmRAP2.12). An empty vector pA7-GFP (35 s-GFP) was used as a control ( Supplementary Fig. S1 ). The two vectors were transformed into Agrobacterium tumefaciens GV1301 strain. Twenty-day-old F. mandshurica wild-type (WT) seedlings were used for transient transformation, a method described for birch (Betula platyphylla Suk. by Zhang et al. (2012) . Co-culturing with Agrobacterium resulted in the transient overexpression of FmRAP2.12.
Expression analysis of FmRAP2.12 gene and downstream genes
The quantified RNA was reverse-transcribed into cDNA using the PrimeScript TM RT reagent kit with gDNA Eraser (Perfect Real-Time) (Takara Bio, Inc., Japan) according to the manufacturer's instructions. Quantitative RT-PCR (qRT-PCR) was conducted in a 7500 Real-Time PCR system (Applied Biosystems, Forster City, USA) using the Takara SYBR Ò Premix Ex Taq TM II (Perfect Real Time) (Takara Bio, Inc., Japan). This is a two-step thermal cycling program with the following conditions: 30 s at 94°C for the initial denaturation, followed by 40 cycles of 5 s at 94°C and 34 s at 60°C, and a final melt-curve at 70-94°C
. All reactions were performed in triplicate to ensure technical and biological reproducibility, and the relative abundance of the transcripts was calculated with 7500 Software v 2.0.6 (Applied Biosystems, Forster City, USA) using the comparative 2 -44CT method (Livak and Schmittgen 2001) . Tubulin was used as an internal control to determine the expression levels of the target genes. The quantitative RT-PCR (qRT-PCR) primer pairs are shown in Supplemental Table S1 . The significant differences of the expression levels were analyzed using one-way ANOVAs in the SPSS version 22 software. P \ 0.05 was considered statistically significant, and P \ 0.01 was considered statistically extremely significant.
Results
Nucleotide sequence and protein properties of the FmRAP2.12 gene The FmRAP2.12 full-length cDNA sequence (GenBank: MH061003) was isolated from F. mandshurica. The FmRAP2.12 CDS and protein sequences were predicted and compared (Fig. 1A) . The analysis from ProtParam software showed that the ORF of FmRAP2.12 was 1170 bp and it encoded a protein of 389 amino acids with a predicted molecular mass of 42.7 kDa and a theoretical isoelectric point (pI) of 4.73. The instability index was computed to be 45.37, which classified the protein as unstable. The grand average of hydropathicity (GRAVY) was -0.688, indicating that it was a hydrophilic protein.
The transmembrane prediction showed that the FmRAP2.12 protein has one possible transmembrane helix located at 17 to 35 aa (Fig. 1B) . This indicates that the FmRAP2.12 protein may have transmembrane capabilities. Secondary structure analysis of the FmRAP2.12 protein revealed that FmRAP2.12 consisted of a-helix (25.7%), extended strand (15.4%) and random coil (58.9%) (Fig. 1C) . The conserved domains of the FmRAP2.12 protein was further analyzed using the NCBI CD-search database (http://structure.ncbi.nlm.nih.gov/Structure/cdd/ Fig. 1 The bioinformatic analysis of FmRAP2.12. a FmRAP2.12 ORF and deduced amino acid sequence are shown in Fig. 1 . The start codon (ATG) is denoted as a gray box and the stop codon (TAG) is marked with an asterisk; b FmRAP2.12 helix prediction. The arrow indicates a transmembrane helix; c FmRAP2.12 protein secondary structure prediction, letter h means a-helix, letter e means extended strand, and letter c means random coil; d FmRAP2.12 protein domains prediction wrpsb.cgi). The results indicated that FmRAP2.12 contained AP2 domain ranging from 122 to 179 aa and belonged to the AP2 superfamily (Fig. 1D ).
Structural analysis of the FmRAP2.12 protein
To investigate the three-dimensional (3D) structure of the FmRAP2.12 protein, the sequence was submitted to the I-TASSER server. Based on homology modeling and threading, the FmRAP2.12 protein 3D model was formed. Further refinement used the ModRefiner tool ( Fig. 2A, 2B ). Using the COACH method, five ligand binding sites (THR154, GLU157, ALA158, ALA161 and TYR162) were then predicted, and the ligand of FmRAP2.12 was also predicted based on a PDB model (5bsaB) (Fig. 2C) . The sequence of 5basB, local blastx against F. mandshurica TSA data base was used to obtain FmHistone 3.2; the homology between FmHistone 3.2 and 5basB was 77.94% (Fig. 2D) , which indicated that FmHistone 3.2 may acted as a ligand and interacted with FmRAP2.12. Based on homologous gene ontology (GO) templates in PDB, GO terms were predicted for the FmRAP2.12 protein. The predicted functions were molecular functions GO:0070011 and GO:0043167 (peptidase activity and acting on L-amino acid peptides), and biological process GO:0019538 (protein metabolism). Fig. 2 Three-dimensional protein model of FmRAP2.12 protein, predicted by I-TASSER. a FmRAP2.12 3D structure displayed in solid ribbon style. N-to-C Terminal: colors residues in a continuous gradient from blue at the N-terminus through white to red at the C-terminus; b FmRAP2.12 3D structure displayed in solid ribbon style, secondary Type: colors according to secondary structure.
Helices were red, turns were green, and coils were white; c FmRAP2.12 3D structure displayed in tube style: the AP2 domain was yellow, 5 predicted ligand binding sites (THR154, GLU157, ALA158, ALA161 and TYR162) were light blue balls; d Homologous sequence alignment between FmHistone 3.2 and 5basB
Homology analysis and phylogenetic relationship of FmRAP2.12
For comparison, Blastp and Conserved Domains Search in the NCBI database revealed that the amino acid sequence of FmRAP2.12 shared high similarities with homologous genes from other species, including Olea europaea var. sylvestris (XP_022844420.1), Populus trichocarpa (XP_002320996.1), Betula platyphylla (AJK26921.1), Sesamum indicum (XP_011072679.1), Nicotiana tabacum (NP_001312385.1), Arabidopsis thaliana (OAP16730.1), and Hevea brasiliensis (XP_021672838.1). FmRAP2.12 and seven other amino acid sequences were aligned using CLC Genomics Workbench 8 (Fig. 3) . Homologous sequence alignment and combined NCBI conserved domains prediction; the results show that FmRAP2.12 and the seven other proteins shared an AP2 conserved domain (Fig. 3) .
To analyze the phylogenetic relationships between FmRAP2.12 and the homologous sequences of RAP2.12 s in other plants, a phylogenetic tree was constructed using MEGA 5.0 software. FmRAP2.12 and 21 other amino acid sequences were used, including 15 dicotyledons, five monocotyledons and one bryophyte (Fig. 4) . The phylogenetic tree revealed a clear boundary between the RAP2.12 proteins of dicotyledons, monocotyledons and bryophytes. FmRAP2.12 was most closely related to Oleaceae species, OeRAP2.12 (Olea europaea var. sylvestris, XP_022844420.1), Pedaliaceae species, SiRAP2.12 (Setaria italica, XP_012698581.1) and Solanaceae species, CaRAP2.12 (Capsicum annuum, XP_016562444.1), SlERF3 (Solanum lycopersicum, XP_010318409.1), NtRAP2.12 (Nicotiana tabacum, NP_001312385.1), and SiRAP2.12 (Solanum tuberosum, NP_001305599.1), as these species were grouped into a clade (Fig. 4) .
Tissue-specific expression analysis of FmRAP2.12
A real-time qRT-PCR was performed using total RNAs isolated from different tissues, including the main roots, stems, leaves, buds, male and female flowers, and seeds of F. mandshurica. The expression level of FmRAP2.12 was highest in the roots followed by the leaves, and lowest in the male flowers (Fig. 5) . F. mandshurica seedlings were exposed to cold, salt (NaCl), and drought (PEG) stress, as well as ABA and GA3 hormone signal treatments. FmRAP2.12 gene expression was induced under salt and drought conditions, but under cold was not significantly induced ( Fig. 6A-E) . Salt stress induced FmRAP2.12 to a double peak expression: the first was at 6 h and the second at 72 h (Fig. 6A) ; expression levels at the peaks were 16.6 and 16.8-fold more than at 0 h, respectively. Drought stress also induced FmRAP2.12 to a double peak expression: the first was at 6 h and the second at 48 h (Fig. 6B) ; the expression levels were 4.9 and 5.3-fold more than at 0 h, respectively. While the expression patterns under salt and drought conditions were similar, the induction pattern was different under cold stress. FmRAP2.12 was induced to a high value at 72 h but level of expression was only 2.35-fold than at 0 h; during the other times, expression levels were not significantly different from that at 0 h (Fig. 6C) .
The expression patterns of FmRAP2.12 for the hormone treatments were inconsistent. FmRAP2.12 was up-regulated after initiation of the GA3 treatment with a one peak pattern at 24 h. The expression level was 12.7-fold above 0 h (Fig. 6D) . In contrast, ABA induced FmRAP2.12 expression with a peak at 48 h; however, similarly to the expression under cold treatment, the expression level was only 2.56-fold than at 0 h. During the other times, expression levels were not significantly different from that at 0 h (Fig. 6E) . These results indicate that FmRAP2.12 responded to salt and drought stresses and to GA3 treatments, but not responded to cold stress and ABA treatment.
Functional assay of transient overexpression of FmRAP2.12
Previous studies have shown that RAP2.12 has multiple functions and plays an important role in response to stresses such as hypoxia, salinity, osmotic stress, and response to hormones (Park et al. 2011; Papdi et al. 2015; Eysholdt-Derzso and Sauter 2017) . The results of this study Fig. 4 Phylogenetic relationship of FmRAP2.12 proteins. RAP2.12 proteins sequences from 22 plant species were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/) using the BLASTP method. The alignment was constructed using the ClustalW method, and the phylogenetic tree was constructed using the neighbor-joining (Yao et al.) method with MEGA 5. 0 software. RAP2.12 is denoted by a red triangle. CaRAP2.12 (Capsicum annuum), SlERF3 (Solanum lycopersicum), NtRAP2.12 (Nicotiana tabacum), and SiRAP2.12 (Solanum tuberosum), FmRAP2.12 (F. mandshurica), OeRAP2.12 (Olea europaea var. sylvestris), FsERF (Fagus sylvatica), QrERF1 (Quercus robur), ZjRAP2.12 (Ziziphus jujuba), VvRAP2.12 (Vitis vinifera), PaRAP2.12 (Prunus avium), MdRAP2.12 (Malus domestica), PbRAP2.12 (Pyrus x bretschneideri), AtRAP2.12 (Arabidopsis thaliana), TaERF1 (Triticum aestivum), DvERF (Dasypyrum villosum), OsEREBP1 (Oryza sativa Japonica Group), SbERF1 (Solanum tuberosum), ZmRAP2.12 (Zea mays), PpAP2/ERF (Physcomitrella patens). (Different colors represent different clades, different phylum marked outside)
show that the FmRAP2.12 gene was involved in the respond to salt, drought and GA3 treatment in F. mandshurica. To study the putative genes involved in these responses, an Agrobacterium-mediated transient overexpression experiment of FmRAP2.12 in F. mandshurica seedlings was carried out (Zhang et al. 2012) . The transgenic expression levels of FmRAP2.12 and the expression levels of downstream genes was determined using qRT-PCR (Fig. 7) . Compared with the control (35 s-GFP) and overexpression group (OxFmRAP2.12, 35 s::FmRAP2.12-GFP), the relative expression level of FmRAP2.12 increased, which verified that the transient transformation was successful. The results show that, with the overexpression of FmRAP2.12, the gene expression levels of relative or downstream genes changed differently. FmHRE1, FmHRE2, FmRAP2.2 and FmRAP2.3, the other four members of ERF-VII subfamily genes, showed different expression patterns. The expression of FmHRE2 and FmRAP2.2 were significantly down-expressed, but FmHRE1 and FmRAP2.3 showed no difference. Notably, FmHRA1 and FmHSP18.2, (anoxia-responsive heat shock factor HSP18.2), were also significantly down-expressed, and function similarly to ERF-VII subfamily members associated with hypoxic stress response (Fig. 7) . The other stress response genes, FmPDC1, FmADH1, topless-related (FmTPR2) and histone deacetylase (FmHDA1), were significantly up-expressed (Fig. 7) . Similarly, with the GA3 response genes, GA insensitive (FmGAI), repressor of GA (FmRGA), FmTCP2, FmTCP15 and ethylene response 1 (FmETR1) were also significantly up-expressed (Fig. 7) . 
Discussion
Transcription factors (TFs) play important roles in regulating of different genes to the response to stress and in coordinating developmental regulation (Mizoi et al. 2012; Rushton et al. 2012) . Plant-specific ERF family proteins are well-known to improve the tolerance to abiotic stresses such as high salinity, cold, drought, disease or excess water, and to adapt to various environmental conditions (Mizoi et al. 2012; Rehman and Mahmood 2015; Thirugnanasambantham et al. 2015) . The best-known ERF family members are Dehydration Responsive Element Binding1 (DREB1/CBF) and DREB2 genes (Sakuma et al. 2002) . In research on different plant species, the DREB1/CBF genes mainly participated cold response whereas the DREB2 genes were generally responsive to excess water or heat stress (Zhao et al. 2012; Artlip et al. 2013; Girardi et al. 2013) . SUB1A, one of the ERF-VII TFs, increased osmotic and oxidative stress tolerances in rice (Fukao et al. 2011) , and the ectopic expression of HvRaf in Arabidopsis enhanced tolerant towards salt and pathogenic fungi (Jung et al. 2007) .
In this study, we isolated and characterized the FmRAP2.12 gene, one of the ERF-VII family members, from F. mandshurica. Bioinformatic analysis showed that the FmRAP2.12 revealed a 1170 bp ORF, encoding a protein of 389 amino acids. A conserved domains search showed the FmRAP2.12 protein contained an AP2 domain ranging from 122 to 179 AA and belonged to AP2 superfamily (Fig. 1A-D) . By using I-TASSER online software and PDB model database, we built a three-dimensional model of FmRAP2.12. We predicted one of the possible binding ligands of the protein was FmHistone 3.2, indicating that FmRAP2.12 may interacted with FmHistone 3.2 to act as a regulator under stress conditions. Homology analysis showed that the AP2 domain structure is conserved in FmRAP2.12 and in other plant species, which confirms the prediction of NCBI conserved domains. It is well-known that AP2 subfamily proteins contain one or two AP2/ERF domains and are involved in the regulation of developmental processes and stresses responses (Boutilier et al. 2002; Cao et al. 2015) . The RAV, (Related to ABI3/VP1) proteins, contains one AP2/ERF DNA-binding domains and B3 DNA-binding domains which could be regulated by brassinosteroids and ethylene, and participate in biotic and abiotic stress responses (Cao et al. 2015; Lim et al. 2015) . Combined with the results of the 3D structure modeling analysis of FmRAP2.12 protein, it was found that the ligand binding sites were also located in the AP2 domain, indicating that the domain may play a key role in the interaction and regulation of FmRAP2.12 with other proteins.
In this research, FmRAP2.12 gene expression patterns in different tissues were expressed significantly higher in the roots than in other organs (Fig. 5) . In response to abiotic stress and hormone treatments, the expression patterns of FmRAP2.12 under salt and drought stress were similar, revealing double peak expression patterns (Fig. 6A-B) . However, the expression pattern of FmRAP2.12 under GA3 treatment revealed a one-peak pattern (Fig. 6D) . The expression level of FmRAP2.12 under cold stress and ABA treatment showed almost no significant changes ( Fig. 6C  and E) . The cause of this may likely be related to the treatment time, treatment intensity or hormone Fig. 7 Quantitative assay results for FmRAP2.12 in F. mandshurica under different types of stress. The relative expressions of FmRAP2.12 were obtained through quantitative RT-PCR. Values are the means of three replicates and standard errors are indicated as vertical lines on the top of each bar. **statistically significant differences at P \ 0.05, ***statistically extremely significant differences at P \ 0.01 according to Duncan's multiple range test concentration, and requires further research. We concluded that FmRAP2.12 gene responded to salt and drought abiotic stresses and GA3 treatments but not responded to cold stress and ABA treatment (Fig. 6A-E) . Moreover, overexpressing FmRAP2.12 caused significant changes in the expression of a series of key genes involved in abiotic stress response and GA3 pathways. FmHRE1 and FmHRE2, two members of the ERF-VII subfamily, showed significant down-expression. The other two genes, FmHRA1 and FmHSP18.2, which related to the ERF-VII subfamily and associated with hypoxic stress response, were also significantly down-expressed (Fig. 7) . Whereas the other abiotic stress response genes, such as FmADH1, FmPDC1, FmTPR2 and FmHDA1, and GA3 response genes such as DELLA family members FmGAI and FmRGA1, showed significantly up-expression (Fig. 7) . Previous studies have shown that the RAP2.12 protein could activate the expression of ADH1 and PDC1, and the overexpressing of AtADH1 and AtPDC1 improved the resistance to salt, drought and other abiotic stresses in Arabidopsis. (Licausi et al. 2011; Rasheed et al. 2018; Shi et al. 2017) . In rice, IDS1 (Indeterminate Spikelet 1), an AP2 type transcription factor, could interact with TPR1 and HDA1 to form IDS1-TPR1-HDA1, a transcriptional repression complex, and regulate salt tolerance under stress conditions (Licausi et al. 2010 ). However, the ERF VII family also cross talk with hormone signaling pathways. Yeast two-hybrid screen of Arabidopsis identified RAP2.3 and RAP2.12 which could interact with the DELLA protein GAI (Marín-de la . It is well-known that RGA and GAI have a major role in salt-induced plant growth regulation and confer on Arabidopsis the capacity of salt tolerance (Achard et al. 2006; Marín-de la Rosa et al. 2014) . All the gene expression evidence of RAP2.12 is similar to our results and indicates that RAP2.12 plays an important role in regulating plant response to stresses and hormone signal responses.
The FmRAP2.12 gene was mainly expressed in the roots in F. mandshurica. Moreover, FmRAP2.12 significantly responded to salt and drought stress and to GA3 treatment. Plant roots are sensitive to abiotic stress and hormonal signals. The expression of FmRAP2.12 may contribute to the resistance by plants to these stresses. Protein 3D structure modeling predicted that the potential protein binding ability of AP2 domain conferred on FmRAP2.12 the capacity to regulate downstream genes. Thus, on the one hand, FmRAP2.12 regulated the expression of a series of abiotic stress response genes, such as FmADH1, FmPDC1, FmTPR2 and FmHDA1. On the other hand, FmRAP2.12 interacts with GA3 pathway genes, such as DELLA family members FmGAI and FmRGA, and indirectly respond to stress through the GA3 pathway. This study reports the gene isolation, bioinformatics analysis, tissue-specificity expression, and abiotic stress and hormone signal response of FmRAP2.12 from F. mandshurica. It provides a candidate gene for stress tolerance and supports the genetic improvement of F. mandshurica at the molecular level.
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